The leading cause of death in cancer patients is cancer metastasis, for which there is no effective treatment. MicroRNAs (miRNA) have been shown to play a significant role in cancer metastasis through regulation of gene expression. The adenovirus type 5 E1A (E1A) is associated with multiple tumor-suppressing activities including the inhibition of metastasis, and E1A gene therapies have been tested in several clinical trials. However, the mechanisms involved in E1A-mediated tumor-suppressing activities are not yet completely defined. Here, we showed that E1A downregulated the expression of the miRNA miR-520h, which was critical for E1A-mediated cancer cell mobility and in vitro invasion activity. In addition, we identified a signal cascade, namely, E1A→miRNA-520h→PP2A/C→IκB kinase→NF-κB→Twist, in which E1A inhibited the expression of Twist through downregulation of miR-520h and the signal cascade. Our results indicated a functional link between miR-520h and tumorigenicity/invasive ability and provided a new insight into the role of E1A-mediated mi-RNA regulation in tumor suppression. Therefore, the results identified a new cascade of E1A-mediated tumor suppression activity via downregulation of miRNA-520h expression. Cancer Res; 70(12); OF1-13. ©2010 AACR.
Introduction
For most cancer patients, tumor metastasis at distant sites is the main cause of death from primary solid tumors (1) . Progression to metastasis involves a series of discrete biological processes. The multistep process is commonly known as the metastatic cascade, which basically includes invasion of the adjacent tissue, intravasation (penetration through the endothelium of blood or lymphatic vessels), survival during systemic circulation, extravasation, and colonization to form a progressively growing lesion in a distant site (2) . Breast cancer is the most frequently diagnosed cancer in women. Despite a recent decrease in breast cancer incidence rates in the United States (3), it remains the second leading cause of cancer deaths in women. In breast cancer, metastases may remain undetectable and latent for many years following primary tumor removal. Improving our understanding of the molecular mechanism of the metastatic process is critical for designing more effective therapies for breast cancer.
The adenovirus type 5 E1A (E1A) gene was originally identified as one of two oncogenes in the adenovirus genome. Its cooperation with other oncogenes fully transforms primary rodent cells (4) but not human cells (5) . Intriguingly, an association of E1A with multiple anticancer activities was found in cancer cells. For instance, E1A has been shown to inhibit NF-κB and Akt (6) . A series of studies have shown that stable expression of the E1A gene in cancer cells can reduce their tumorigenic potential, increase contact inhibition, and promote apoptosis in vivo (7) (8) (9) . Therefore, clinical trials with E1A/liposome gene therapy for breast, ovarian, and head/neck cancers have been conducted (10) (11) (12) . In addition to tumor suppression activity, expression of the E1A gene in stably transfected human cancer cells can convert various human cancer cell lines from the mesenchymal phenotype into an epithelial-like phenotype and inhibit metastasis (13, 14) . Thus, further understanding of the molecular mechanisms associated with E1A-mediated suppression of metastasis could improve the efficacy of E1A gene therapy in future clinical trials.
During cancer metastasis, the mobility and invasiveness of cancer cells increase. To detach from neighboring cells and invade adjacent cell layers, carcinoma cells must lose cell-cell adhesion and acquire motility. The highly conserved epithelial-mesenchymal transition (EMT) program has been implicated in dissemination of carcinoma cells from primary epithelial tumors (15) . Tumor progression is frequently associated with the downregulation of E-cadherin (15) , which is repressed by several transcription factors including Snail, Twist, and Slug (16, 17) . Interestingly, E1A is known to induce expression of E-cadherin and reverse EMT (13, 14) , but its molecular mechanism is not yet clear.
In the past few years, microRNAs (miRNA) have attracted attention as candidates for therapy because they potentially act as upstream regulators of tumorigenesis (18, 19) . Using posttranscriptional control mechanisms, mammalian miRNAs are involved in crucial biological processes, including development, differentiation, apoptosis, and proliferation (20) . Thus far, the list of known miRNAs has expanded, now standing at 735 in humans, and is predicted to increase further (21) . Up to 30% of human genes may be regulated by miRNAs (22) , and frequent deletions and deregulation of miRNAs have been reported in many types of human tumors (23, 24) . Consistent with their frequent deregulation role in cancer, more than 50% of miRNA genes are located in cancer-associated genomic regions or at fragile sites, which are preferential sites for recombination, amplification, deletion, translocation, and viral integration (25) . It is becoming clear that altered expression of miRNA is a special "signature" of many human diseases, especially specific forms of cancer (19, 26) . Accumulating evidence indicates that deregulation of miRNA levels might have a role not only in tumorigenesis but also in cancer metastasis (27, 28) .
A previous study indicated that E1A could reprogram transcription in tumor cells (9) . E1A does not bind to the DNA directly, but instead interacts with components of the general and specific transcriptional machineries, including the TATA-binding protein, p300 (29, 30) , several TATA-binding protein-associated factors (31, 32) , and numerous transcription factors (such as ATF-2 and c-Jun; refs. 51, 52) . Although knowledge about the complex control of gene expression by miRNA has increased, our understanding of the regulation of miRNA gene transcription remains limited. In an attempt to understand E1A-mediated tumor suppression activity, we asked whether E1A might regulate the expression of miRNA.
In this study, we identified several miRNAs that are regulated by E1A in humans. One of these miRNAs, miR-520h, was further shown to be downregulated by E1A, and its downregulation was critical for E1A-mediated tumor and invasion suppression activities. We further showed that E1A-mediated downregulation of miR-520h enhanced the expression of protein phosphatase 2A catalytic subunit (PP2A/ C), which in turn inhibited the IκB kinase (IKK)/NF-κB pathway resulting in repression of Twist expression. Together, our results suggest that E1A-mediated Twist downregulation may contribute to E1A-mediated tumor and invasion suppression activities.
Materials and Methods

Cell culture
The human breast cancer cell lines (MDA-MB-231, MB-453, and MB-468) and human cervical cancer cell line (HeLa) were obtained from the American Type Culture Collection. MDA-MB-231 and its E1A/vector-stable transfectants and the human ovarian cancer cell line (SKOV3-ip1) and its E1A/vector-stable transfectants have been described previously (33) . MDA-MB-231/E1A and SKOV3-ip1/E1A cells were transfected with miR-520h-expressing vectors using Lipofectamine 2000 (Invitrogen). Forty-eight hours after transfection, cells were trypsinized and replated in DMEM/ F12 with 10% fetal bovine serum (FBS) and blasticidin (8 μg/mL; Invitrogen). Blasticidin-resistant clones (231/E1A-miR520h and ip1/E1A-miR520h) were selected. These clones were selected and expanded for further studies. All cell lines were maintained in DMEM/F12 (1:1) supplemented with 10% FBS (Hyclone), 2 mmol/L L-glutamine (Gibco), 100 units/mL penicillin, and 100 μg/mL streptomycin at 37°C in a humidified atmosphere of 95% air and 5% CO 2 .
Antibodies
Antibodies to the following were used: E1A (BD Pharmingen), E-cadherin (BD Transduction Laboratories), HA (Roche Diagnostics), IKKβ (Cell Signaling Technology), pIKKα/β (Cell Signaling Technology), Akt (Cell Signaling Technology), pAkt (Cell Signaling Technology), PP2A/C (Cell Signaling Technology or Santa Cruz Biotechnology), Twist (Santa Cruz Biotechnology), Slug (Santa Cruz Biotechnology), Snai1 (Santa Cruz Biotechnology), and α-tubulin (Sigma).
MiRNA microarray hybridization
Three micrograms of total RNA obtained from MDA-MB-231 (stably expressing control vector or E1A vector) were labeled and hybridized on miRNA microarrays (using the Ncode Multi-Species miRNA microarray V1 kit by Invitrogen). The arrays were designed to detect the 376 miRNA transcripts listed in the Sanger miRBase Release 7.0. Raw signal intensities representing hybridization to probes were mean-normalized across cell lines. The miRNAs that were significantly upregulated or downregulated were identified by Ncode Profiler software (Invitrogen).
RNA isolation, reverse transcription, and PCR
Total RNA was extracted from cultured cells using the mirVana miRNA isolation kit (Ambion) according to the manufacturer's instructions. Reverse transcription (RT) reactions contained 1 μg of RNA, 50 nmol/L stem-loop RT primer, 0.25 mmol/L each deoxynucleotide triphosphate, 50 units of Moloney murine leukemia virus reverse transcriptase (Invitrogen), 1× RT buffer, 10 mmol/L DTT, and 4 units of RNase inhibitor. The stem-loop RT primers were designed according to the report by Chen and colleagues (34) . The sequences of mature miRNAs obtained from the Sanger Center miRNA Registry (http://microrna.sanger. ac.uk/sequences/) were as follows: miR-22 RT primer, 5′-GTTGGCTCGGTGCAGGGCCTGAGGTATTCGCACCA-GAGCCAACAC AGTTC-3 ′ ; miR-27a RT prim er, 5′ -GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCA-G A G C C A A C G C G G A A -3 ′ ; m i R -3 7 7 R T p r i m e r , 5 ′ -GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCA-GAGCCAACACAAAAG-3′; miR-515-3p RT primer, 5′-GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCA-G A G C C A A C A A C G C T C -3 ′ ; m i R -1 9 5 R T p r i m e r , 5′-GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCA-G A G C C A A C G C C A A T -3 ′ ; m i R -1 9 7 R T p r i m e r , 5 ′ -GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCA-G A G C C A A C G C T G G G T -3 ′ ; Let-7b RT primer, 5′ -GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCA-G A G C C A A C A A C C A C A -3 ′ ; m i R -2 5 R T p r i m e r , 5 ′ -GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCA-G A G C C A A C T C A G A C C -3 ′ ; m i R -9 2 R T p r i m e r , 5 ′ -GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCA-GAGCCAACACAGGCC-3′ ; miR-107 RT pr imer, 5′ -GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCA-GAGCCAACTGATAGC-3 ′ ; miR-15b RT primer, 5′ -GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCA-GAGCCAACTGTAAAC-3′; miR-520h RT primer, 5′-GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCA-GAGCCA ACA CTCTA A-3 ′ ; mi R -1 8 a R T p r i m e r , 5′ -GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCA-
The reactions were incubated at 37°C for 50 minutes, 16°C for 30 minutes, followed by pulsed RT of 60 cycles at 20°C for 30 seconds, 42°C for 30 seconds, and 50°C for 1 second. Reactions were terminated by incubating at 85°C for 5 minutes to inactivate the reverse transcriptase.
In addition, 231/VC and 231/E1A as well as 231/E1A-miR520h cells were used to isolate total RNA by TRIzol. An aliquot of 1 μg of total RNA was subjected to RT-PCR using reverse transcriptase kit (Invitrogen). Equal amount of cDNA (2 μL) was used to perform PCR. The sequences of pp2a and snail along with internal reference β-actin primers are as follows: pp2a forward, 5′-GCCTACAAGAAGTTCCCCATGAG-3′; reverse, 5′-GCACCAGTTATACCCTCC ATCAC-3′; snail forward, 5′-AATGCTCATCTGGGACTCTGTCC-3′; reverse, 5′-GCCTCCA AGGAAGAGACTGAAGTAG-3′; β-actin forward, 5′-GCTCGTCGTCGACAACGGCTC-3′; reverse, 5′-CAAACAT-GATCTGGGTCATCTTCTC-3′. After initial denaturation at 94°C for 4.5 minutes, cycling parameters were as follows: pp2a-denaturation (94°C, 1 minute), annealing (55°C, 1 minute), and extension (72°C, 1 minute); the reaction included amplification 25 cycles; snail-denaturation (94°C, 1 minute), annealing (58°C, 1 minute), and extension (72°C, 1 minute); the reaction included amplification 30 cycles; β-actin-denaturation (94°C, 1 minute), annealing (55°C, 1 minute), and extension (72°C, 1 minute); the reaction included amplification 25 cycles.
Real-time PCR quantification
Real-time PCR was done using a Roche LightCycler 480 Real-Time PCR system. PCR reactions contained 0.5 μmol/L of each forward and reverse primer, 0.1 μmol/L Universal ProbeLibrary Probe #21 (Roche), 1× LightCycler TaqMan Master, and 2 μL of cDNA. Amplification curves were generated with an initial denaturing step at 95°C for 10 minutes, followed by 50 cycles of 95°C for 5 seconds, 60°C for 10 seconds, and 72°C for 1 second. The U6 and U47 small nuclear RNAs were used as an internal control. The sequences of forward primers were as follows: miR-22, 5′-CGGCGGAAGCTGCCAGTTGAA-3′; miR27a, 5′-CGGCGGTTCACAGTGGCTAAG-3′; miR-520h, 5′-
The reverse primer for all above sets of genes was 5′-GTGCAGGGTCCGAGGT-3′.
MiRNA inhibition and overexpression
The mature miRNA sequences were obtained from the Sanger Center miRNA Registry (http://microrna.sanger.ac. uk/sequences/) and the human miRNA gene was designed according to the manufacturer's instructions. The sequences of the top strands (5′ primer) and bottom strands (3′ primer) w e r e f o r m i R -2 7 a , 5 ′ -T
G C T G G C G G A A C T T A G -C C A C T G T G A A G T T T T G G C C A C T G A C T G A C T T C -A C A G T C T A A G T T C C G C -3 ′ ( t o p ) a n d 5 ′ -CCTGGCGGAACTTAGACTGTGAAGTCAGTCAGTGGC-CAAAACTTCACAGTGGCTAAGTTCCGCC-3′ (bottom); for m i R -5 2 0 h , 5 ′ -T G C T G A C T C T A A A G G G A A G -C A C T T T G T G T T T T G G C C A C T G A C T G A C A -C A A A G T G T C C C T T T A G
. These miRNA gene double strands were ligated with the Block-iT Pol II miR RNAi Expression Vector, pcDNA6.2-GW/EmGFPmiR (Invitrogen). Subsequently, the miRNA expression vector or control vector was transfected into the MDA-MB-231/E1A cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The GFP + cells accounted for more than 90% of transfected cells, as determined by fluorescence-activated cell sorting (FACS) analysis, and were used for migration or invasion studies.
Anti-miR miRNA inhibitors (Ambion) are single-stranded chemically modified oligonucleotides designed to inhibit endogenous miRNAs. For in vitro miRNA inhibition studies, MDA-MB-231 cells were transfected with anti-miR inhibitors (150 nmol/L) based on the manufacturer's instructions. Forty-eight hours after transfection, cells were used for migration assays, invasion assays, luciferase reporter assays, and immunoblot assays.
Luciferase assay
The full-length 3′ untranslated region (UTR) of the miR-520h-regulated human PP2A/C gene (GenBank accession no. NM_002715) was amplified from MCF7 cDNA and cloned into the SacI/SpeI site of pMIR-REPORT Luciferase vector (Ambion). The primers for PP2A/C were forward, 5′-GCGACATTGTTGGTCAAGAAACC-3′, and reverse, 5′-GCAGGAAGAACCCACAAAGTGC-3′. The segment (base pairs 2,226-2,231) of the PP2A/C 3′UTR containing the mutated miR-520h target sequence (ACTTTG to TGAAAC) was also cloned into the pMIR-REPORT Luciferase vector (Ambion) using a QuickChange II Site-Directed Mutagenesis Kit (Stratagene). The primers for PP2A/C mt were forward, 5′-CACATTGTTGGTGTGCTGAAACTGGGTTCTTCCTGCA-TATTAAC-3′, and reverse, 5′-GTTAATATGCAGGAAGAACC-CAGTTTCAGCACACCAACAATGTG-3′. Cells (50% confluent in 24-well plates) were transfected with indicated plasmids by Lipofectamine 2000 (Invitrogen). Firefly luciferase reporter gene construct and pTK-Renilla luciferase construct (for normalization) were cotransfected at 1 μg each per well. Cell extracts were prepared 48 hours after transfection, and luciferase activity was measured by the Dual-Luciferase Reporter Assay System (Promega).
Transwell migration and invasion assays
For transwell migration assays, 1 × 10 5 cells were plated in the top chamber onto the noncoated membrane (24-well insert; pore size, 8 μm; Corning Costar). For invasion assay, 1 × 10 5 cells were plated in the top chamber onto the Matrigelcoated membrane. Each well was coated freshly with Matrigel (60 μg; BD Bioscience) before the invasion assay. In both assays, cells were plated in medium without serum or growth factors, and medium supplemented with serum was used as a chemoattractant in the lower chamber. The cells were incubated for 24 hours (migration assay) or 48 hours (invasion assay) and cells that did not migrate or invade through the pores were removed by a cotton swab. Cells on the lower surface of the membrane were fixed with methanol and stained with crystal violet. The number of cells migrating through or invading through the membrane was counted under a light microscope (40×, three random fields per well).
Animal studies
All animal work was done in accordance with a protocol approved by the China Medical University Hospital Institutional Animal Care and Use Committee. Female severe combined immunodeficient (SCID) mice, age matched and 4 to 6 weeks , and let-7b (RFP + cells) accounted for more than 90% of transfected cells, as determined by FACS analysis, and were used for further migration or invasion study. Right, after miRNA transfection, RNA was isolated from MDA-MB-231/E1A-transfected cells and the expression of miRNAs was confirmed by qRT-PCR. The data were normalized to the level of U47 RNA in each sample. Bars, SD. *, P < 0.05, between 231/E1A and miRNA-transfected 231/E1A cells. B, transwell migration assay and Matrigel invasion assay of MDA-MB-231/E1A cells transfected with different miRNA expression vectors, miR-520h, let-7b, and miR-27a. Columns, migration or invasion activity compared with that of 231/VC; bars, SD. Each assay was done in three independent experiments. *, P < 0.05, between 231/VC and 231/E1A cells. #, E1A-dependent migration and invasion ability suppression was overturned by miR-520h to a significant degree (P < 0.05). C, transwell migration assay (left) and Matrigel invasion assay (right) of MDA-MB-231/E1A cells with different stable miR-520 expressing transfectants (231/E1A/miR-520h). Columns, migration or invasion activity compared with 231/VC; bars, SD. Each assay was done in three independent experiments. *, P < 0.05, between 231/VC and 231/E1A cells. #, E1A-dependent migration and invasion suppression was overturned significantly by expression of miR-520h (P < 0.05). D, different cancer cells were transfected with E1A. Top, 48 h after transfection, E1A expression was confirmed by Western blotting. Bottom, RNA was isolated from transfectants to determine the expression level of miR-520h by qRT-PCR. The data were normalized to the level of U47 RNA in each sample. Bars, SD. *, P < 0.05, between E1A-transfected and control cells (one-tailed Student's t test). Figure 2 . miR-520h is required for invasive phenotype. A, transwell migration assay and Matrigel invasion assay of MDA-MB-231/VC and 231/E1A cells transfected with miR-520h or control miRNA. Columns, migration or invasion activity compared with that of 231/VC; bars, SD. Each assay was done in three separate experiments. *, P < 0.05, between miR-520h-transfected and control-miRNA-transfected 231/VC cells. #, P < 0.05, between miR-520h-transfected and control-miRNA-transfected 231/E1A cells. B, left, the expression of miR-520h and miR-22 in MDA-MB-231/VC cells and HeLa cells after miR-520h inhibitor treatment for 72 h was determined by agarose electrophoresis (top) and qRT-PCR (bottom). Right, transwell migration assay and Matrigel invasion assay of MDA-MB-231/VC and 231/E1A cells transfected with miR-520h inhibitor (anti-miR-520h) or control inhibitor (anti-miR-control). Columns, migration or invasion activity compared with that of 231/VC; bars, SD. Each assay was done in three separate experiments. *, P < 0.05, between miR-520h inhibitor-transfected and control inhibitor-transfected 231/VC cells. C, 231/VC, 231/VC-miR-520h, 231/E1A, and 231/E1A-miR-520h cells stably expressing luciferase were injected i.v. into immunodeficient SCID mice. Left, bioluminescence imaging of lung colonizations measured 4 wk after transplantation. Bioluminescence was used to quantify lung colonization. Right, data shown are representative mice corresponding to marked data points. n = 10; horizontal line, median signal for each cohort. P values were obtained by one-tailed Student's t test.
Results
E1A-mediated regulation of miRNA expression in human cancer cells
To investigate whether the E1A gene could regulate miRNA expression, we analyzed global miRNA expression in MDA-MB-231 human breast cancer cells stably transfected with control vector (231/VC) or E1A expression vector (231/E1A; ref. 14) using the miRNA microarray (NCode, Invitrogen). Differential expression of these downregulated or upregulated candidate miRNAs in 231/VC or 231/E1A cells was further validated through quantitative stem-loop PCR (qRT-PCR; Table 1 ). Among the four potential downregulated genes identified by the miRNA microarray, miRNA520h, miRNA27a, and Let-7b were further confirmed by qRT-PCR to be downregulated (Table 1 ). To investigate whether these three miRNAs have an effect on the E1A-mediated suppression of cell invasion and migration activities, we generated stable pool transfectants by introducing these three miRNAs into 231/E1A cells, which were validated by green (E1A-520h and E1A-27a) or red fluorescence (E1A-let 7b; Fig. 1A, left) and by qRT-PCR (Fig. 1A, right) . As expected, comparison between 231/E1A and 231/VC cells showed that ectopic expression of E1A reduced mobility and in vitro invasion activity. However, restoration of miR-520h, but not Let7b and miRNA-27a, in 231/E1A cells reversed these reductions (Fig. 1B) . Moreover, in three different single stable miR-520h transfectants of 231/E1A cells (231/E1A/miR-520h cells), restoring the expression of miR-520h increased cell mobility and invasion activity (Fig. 1C) . MiR-520h had no effect on 231/E1A cell proliferation (Supplementary Fig. S1A ). Furthermore, examination of the E1A effect on miR-520h expression in various types of cancer cells showed significantly decreased expression of miR-520h in E1A-transiently transfected cells (Fig. 1D) . We also found significantly decreased cell migration and invasion abilities in various types of E1A-transiently transfected breast cancer cells ( Supplementary  Fig. S1B ). These data suggest that E1A-mediated miR-520h downregulation may be involved in the E1A-mediated suppression of cell mobility and in vitro invasion activity. . Direct downregulation of PP2A/C by miR-520h. A, top left, a schematic diagram represents the predicted miR-520h binding sequences or mutated versions. Bottom, luciferase activity of DNA constructs carrying the wild-type PP2A/C 3′UTR (WT-3′UTR) or mutated-type PP2A/C 3′UTR (MT-3′UTR) downstream of the luciferase reporter. 293T cells were cotransfected with WT-3′UTR or mutant MT-3′UTR reporter (carrying the luciferase-PP2A/C-3′UTR chimera) and a plasmid expressing miR-520h at different ratios. miR-520h reduced luciferase activity in transfectant with wild-type reporter (WT-3′UTR), but not in transfectant with mutant reporter (MT-3′UTR), in a dose-dependent manner. Luciferase activity was normalized for transfection efficiency as indicated in Materials and Methods. Data are shown as separate assays at five different luciferase/miRNA ratios as indicated. Columns, Firefly/Renilla luciferase activity ratios that are normalized to the activity ratio (1:1) of 293T transfected with WT-3′UTR reporter or MT-3′UTR and miR-520h. Data are shown as three independent assays, and each sample was assayed in triplicate; bars, SD. *, P < 0.05, between cells transfected with miR-520h at different ratios (5:1, 10:1, 50:1) and cells transfected at control ratio (1:1). Right, cotransfection with the inhibitor for miR-520h (anti-mir-520h) increased PP2A/C WT-3′UTR luciferase expression, but not PP2A/C MT-3′UTR luciferase expression, in 231/VC cells. Columns, Firefly/Renilla luciferase activity ratios normalized to that of 231/VC transfected with WT-3′UTR reporter. Data are shown as three independent assays, and each sample was assayed in triplicate; bars, SD. P value based on one-tailed Student's t test. B, top left, expression of PP2A/C mRNA in stable clones of 231/VC, 231/E1A, and different 231/E1A/miR-520h by qRT-PCR. Data were normalized to the level of GAPDH mRNA. Bottom left, RT-PCR results of PP2A/C mRNA expression in 231/VC, 231/E1A, and different stable clones of 231/E1A/miR-520h. β-Actin served as an internal control. Top right, assay of PP2A/C phosphatase activities in stable clones of 231/VC, 231/E1A, and different 231/E1A/miR-520h. Columns, phosphatase activity normalized to that of 231/E1A; bars, SD. *, P < 0.05, between 231/VC and 231/E1A cells. #, E1A-dependent PP2A/C activity induction was overturned by miR-520h to a significant degree (P < 0.05). Bottom right, immunoblotting of PP2A/C in stable clones of MDA-MB-231/VC, 231/E1A, and different 231/E1A/miR-520h. C, whole-cell extracts of MDA-MB-231 cells transfected with the miR-520h inhibitor (anti-miR-520h) or nontarget sequence control inhibitor (anti-miR-control) were prepared 48 h after transfection and analyzed by immunoblotting with PP2A/C and tubulin antibodies. D, left, 231/E1A cells stably transduced with different sequences of siRNA that specifically target PP2A/C (siPP2A/C) and analyzed by immunoblotting with PP2A/C and tubulin antibodies. Middle and right, transwell migration assay (middle) and Matrigel invasion assay (right) of 231/E1A cells stably transduced with different sequences of siRNA that specifically target PP2A/C (siPP2A/C). Columns, migration or invasion activity compared with 231/E1A; bars, SD. *, P < 0.05, between siPP2A/C-and siControl-transduced 231/E1A cells.
miR-520h promotes invasion and metastasis of cancer cells
Consistently, enforced expression of miR-520h, but not a nontarget sequence control miRNA, in 231/VC and 231/ E1A cells enhanced cell mobility and invasion activity ( Fig. 2A) . Similar results were also observed in an ovarian cancer cell line (Supplementary Fig. S2 ). To further assess the contribution of miR-520h to cell migration, we performed in vitro loss-of-function analyses by silencing the endogenous miRNA-520h using a modified antisense miR-520h inhibitor (Ambion). Administration of miR-520h inhibitor decreased the endogenous level of miR-520h, but not another miRNA, miR-22, as detected by qRT-PCR (Fig. 2B, left) . At 48 hours after transfection of the miR-520h inhibitor, but not a control miRNA inhibitor, the capacity of 231/VC cells to migrate and invade was significantly reduced by more than 70% (Fig. 2B,  right) . This reduction was not due to loss of cell viability ( Supplementary Fig. S3B ). Next, we screened other cancer cell lines for the effect of miR-520h inhibitor on cell mobility and found that migration and invasion ability were inhibited in all cell lines by transfection of miR-520h inhibitor (Supplementary Fig. S3A ). To determine whether the expression of miR-520h would promote tumor invasion in vivo, we further investigated the effects of miR-520h on E1A-mediated antimetastatic lung colony formation in an experimental metastasis/lung colonization assay. Luciferase-tagged 231/ VC, 231/VC-miR520h, 231/E1A, and 231/E1A-miR520h cells were transplanted into SCID mice via tail-vein injection. As shown previously (14) , no lung colonization was found in all 10 mice that had been transplanted with 231/E1A cells ( Fig. 2C and Supplementary Table S1 ). However, 5 of 10 mice that received the miR-520h-overexpressing 231/E1A cells exhibited numerous lung colonizations (Supplementary Table S1 ). Similarly, miR-520h expression enhanced metastasis from 6 of 10 mice to 9 of 10 mice compared with 231/VC cells. Restoring the expression of miR-520h in 231/VC and 231/E1A cells increased the lung colonization activity of these cells by more than 100-fold by bioluminescence imaging (Fig. 2C, lane 2 versus lane 1  and lane 4 versus lane 3) . We also orthotopically implanted miR-520h-overexpressing or control vector-overexpressing 231/VC and 231/E1A cells into the mammary fat pads of SCID mice and measured the growth of the resulting primary tumors. At 4 weeks after implantation, the growth rate of miR-520h-overexpressing tumors was higher than that of control tumors, indicating that miR-520h may enhance tumor growth in target microenvironments (Supplementary Fig. S4 ). Taken together, these observations suggest that miR-520h may be involved in in vitro migration/invasion, in vivo tumorigenicity, and lung colonization activity in the experimental metastasis model.
Twist is involved in miR-520h-mediated metastasis
Because E1A is known to induce expression of E-cadherin and reverse EMT, we examined whether miR-520h participates in EMT to enhance metastasis. E-cadherin expression was examined in 231/VC, 231/E1A, and different clones that overexpressed miR-520h using Western blotting. The endogenous level of E-cadherin expression was reduced in miR-520h-overexpressing 231/E1A cells (Fig. 3A) and SKOV3-ip1/E1A cells (Supplementary Fig. S5A ). Furthermore, we found that the expression of vimentin, a mesenchymal marker, was downregulated by E1A, and this inhibitory effect was overcome by miRNA-520h (Supplementary Fig. S5B ). To further explore the mechanism of the downregulation of Ecadherin by miR-520h, we examined the expressions of three transcription factors involved in repression of E-cadherin: Twist, Slug, and Snail. The results showed that Twist expression was consistently induced in miR-520h-expressing cells (Fig. 3A) and inhibited in 231/VC cells transfected with miR-520h inhibitor (Fig. 3B) , suggesting that miR-520h downregulates E-cadherin expression by increasing the expression of Twist. On the other hand, due to its short half-life (35), we did not clearly detect the change of Snai1 protein expression in different miR-520h-expressing cells (data not shown). This will need further investigation in the future. As E1A downregulated miR-520h expression in cancer cells, Twist expression was also shown to be downregulated in E1A-expressing HeLa (data not shown) and SKOV3-ip1 cells (Supplementary Fig. S5C ). We also found that overexpression of Twist in 231/E1A cells was able to rescue E1A-mediated suppression of cell migration and invasion abilities (Supplementary Fig. S5D ). We next studied whether miR-520h-induced Twist expression might contribute to miR-520h-mediated metastasis. The results showed that cells transfected with Twist siRNA strongly suppressed miR-520h-induced cell migration (by 80%) and invasion (by 85%; Fig. 3C and D) in 231/E1A cells. Taken together, these results suggest that E1A downregulation of Twist is mediated through mir520h, which is involved in E1A-mediated suppression of metastasis.
PP2A/C is a direct and functional target of miR-520h
Next, we investigated the target molecules of miR-520h that might contribute to biological activities. To this end, several computational prediction methods were used to identify miR-520h target genes in humans. Among the targets predicted by both the TargetScan Human 5.1 (36) and the MIR-AND version 3.0 (21) search programs ( Supplementary Fig. S6 ), one target of miR-520h, the PP2A/C gene, attracted our attention, as PP2A/C was shown to be upregulated in E1A-expressing cells and required for E1A-mediated sensitization to anticancer drugs (37) . Therefore, we asked whether miR520h might downregulate PP2A/C by directly binding to sites within the 3′UTR of its message RNA, thereby promoting tumor progression. To this end, we constructed luciferase reporter vectors encoding the complete wild-type 3′UTR of the PP2A/C mRNA (WT-3′UTR) as well as parallel control vectors containing mismatches in the predicted miR-520h binding site (MT-3′UTR; Fig. 4A , top left) and transfected these vectors into HEK293T cells at different miR-520h vector-to-reporter ratios. Transfection of the WT-3′UTR plasmid, but not the MT-3′UTR plasmid, resulted in decreased luciferase activity in a dosedependent manner. The results supported a negative effect of the endogenous miR-520h molecule on PP2A/C 3′UTR expression (Fig. 4A, bottom left) . Blockage of endogenous miR-520h expression using an antisense inhibitor (Ambion) resulted in a significant increase in PP2A/C WT-3′UTR luciferase expression in 231/VC cells (Fig. 4A, right) . Mutations in the predicted miR-520h binding site reduced sensitivity to miR-520h inhibitor (PP2A/C MT versus PP2A/C WT; Fig. 4A, right) . These experiments validated the regulatory potential of miR-520h via binding within the PP2A/C 3′UTR and confirmed miR-520h-mediated modulation of endogenous PP2A/C in cancer cells. Overexpression of miR-520h did not inhibit the expression of PP2A/C at the mRNA level (Fig. 4B, left) , but the level of endogenous PP2A/C protein was decreased in various 231/ E1A clones stably expressing miR-520h, which was also supported by the reduced phosphatase activities in different miR-520h-expressing 231/E1A cells (Fig. 4B, right) . Consistently, introduction of miR-520 inhibitor led to increased PP2A/C expression in 231/VC cells (Fig. 4C) . To determine whether reduction of PP2A/C levels might account for the induction of cell mobility and invasiveness observed following miR-520h overexpression, 231/E1A cells were transfected with siRNA against PP2A/C, which caused a >90% reduction in the level of the PP2A/C protein and subsequently increased cell motility and invasiveness (Fig. 4D) . Together, our results indicated that PP2A/C is one target of miR-520h, and loss of PP2A/C promotes cancer cell mobility and invasive activity. Because miR-520h inhibits PP2A/C and also activates Twist, we asked whether PP2A/C might also downregulate Twist. To test this, 231/E1A-miR520h and 231/VC cells, in which PP2A/C was downregulated by miR520h, were transfected with a construct constitutively expressing PP2A/C mRNA without the 3′UTR (an mRNA that is resistant to miR-520h-mediated inhibition of translation). Strikingly, constitutive expression of PP2A/C not only inhibited the expression of Twist but also abrogated miR-520h-induced cell motility and invasiveness (Fig. 5A) . On the other hand, transfection of 231/E1A cells with PP2A/C siRNA induced the expression of Twist (Fig. 5B) . Together, these results suggest that PP2A/C downregulates Twist expression. Next, we asked how PP2A/C might downregulate Twist. PP2A/C has been shown to repress Akt and NF-κB activation through dephosphorylation (38, 39) . Both the PI3K/Akt and the IKK/NF-κB signaling pathways have been shown to enhance Twist expression (40, 41) . Thus, we investigated whether miR-520h through downregulation of protein phosphatase 2A (PP2A) may activate Akt and IKK by increasing their phosphorylation. Indeed, miR-520h expression enhanced Akt and IKK phosphorylation as predicted (Fig. 5C ). To determine which PP2A/C-mediated pathways are involved in the regulation of Twist, we assessed Twist expression in 231/E1A cells transfected with or without Akt or IKK constitutive expression vectors (myr-Akt and HA-IKKβ). Twist expression was induced after transfection with IKKβ but not after transfection with myr-Akt (Fig. 5D) , suggesting that IKK, but not Akt, is involved in the upregulation of Twist in our experimental conditions. In addition to increased Twist expression, we found that cell invasion and migration abilities were also induced by transfection with IKKβ ( Supplementary  Fig. S7A ). To support this notion, we showed that the addition of BAY117082, an inhibitor of IKK, also suppressed Twist expression ( Supplementary Fig. S7B ). In contrast, LY294002, a PI3K inhibitor, did not significantly affect Twist expression (data not shown). Treatment of 231/E1A cells with the PP2A/ C phosphatase inhibitor okadaic acid restored the level of IKK phosphorylation and increased Twist expression as well (Fig. 5D) . Together, in the current study, we identified a signal cascade, namely, E1A→miRNA520h→PP2A/C→IKK→NF-κB→Twist, which shows that E1A, through downregulation of miR-520h, results in inhibition of Twist expression, which may contribute to the E1A-associated tumor/metastasis suppression activity.
Discussion
In this present work, we showed that miR-520h can promote cell migration/invasion in vitro and tumorigenicity and metastasis potential in vivo through regulation of the PP2A/IKK/NF-κB/Twist pathway. However, the oncogenic role of miR-520h can be downregulated and suppressed by E1A. Specifically, we showed that E1A downregulates miR-520h and blocks the synthesis of the PP2A/C protein, and E1A-induced PP2A/C expression inhibits expression of Twist through the IKK/NF-κB pathway. In addition, miR-520c (which is located within the same gene cluster as the miR-520h gene) has recently been reported to target the cell surface receptor CD44 (27) , which acts as a metastasis suppressor in cancers of the breast, prostate, and colon (42) , indicating that miR-520c likely functions similarly to miR-520h as a metastasis promoter in breast cancer. In addition to suppressing metastasis, E1A gene therapy has been shown to increase sensitivity to different categories of anticancer drugs in multiple clinical trials. Recent studies have implicated miR-27a in drug resistance in cancer cells (43) . We also showed that miR-27a was downregulated by E1A. Whether miR-27a and other miRNA family members are involved in E1A-mediated chemosensitization has yet to be investigated. On the other hand, E1A regulates the expression of several miRNAs (Table 1) , but its involvement in the transcriptional control of miRNA expression is not clear. Because E1A regulates multiple miRNAs expression, it would be of interest to determine whether these E1A-regulated miRNAs may contribute to functionality of E1A protein.
Increasing data suggest that miRNAs might affect metastasis through regulation of EMT, which is a genetic developmental program regulated by a number of transcription factors (44, 45) . Twist plays a key role in EMT-mediated intravasation of tumor cells (i.e., entry into the circulation to seed metastases; ref. 46) . Furthermore, Twist is required to bypass oncogene-induced cellular senescence (47) . Recent research shows that tumor cells undergoing EMT resemble cancer stem cells (48) . While investigating E1A-mediated mesenchymal-epithelial transition (MET), we discovered that Twist was markedly reduced by ectopic expression of E1A in various cancer cells. Overexpression of miR-520h in 231/E1A and ip1/E1A cells led to restoration of Twist expression. On the other hand, administration of miR-520h inhibitor lowered Twist level in 231/VC cells. In addition, transfection of Twist siRNA in cells overexpressing miR-520h inhibited cell mobility. Therefore, our data suggest that Twist is a downstream target of E1A. The results raise an interesting question whether E1A gene therapy (through its ability to downregulate Twist) might suppress the growth of cancer stem cells.
PP2A is a ubiquitously expressed serine/threonine phosphatase that suppresses tumor growth. The report that PP2A might be a tumor suppressor was based on the observation that okadaic acid, a strong inhibitor of PP2A, was a potent tumor promoter (49) . Mutation of PP2A was found in human cancers including breast, colon, and lung cancers and melanoma (50) . In this study, we identified PP2A/C as a target of miR-520h, which inhibited PP2A/C protein translation by binding to PP2A/C 3′UTR, and we suggest that E1A induces PP2A/C expression through a miRNA regulatory mechanism. In addition, we found that overexpression of PP2A/C in various cancer cells inhibited their motility, suggesting a putative role for PP2A/C in the suppression of metastasis. Furthermore, Twist has been identified as a conserved target of NF-κB (40) , which is known to be regulated by IKK. The current study suggests that E1A-mediated suppression of IKK/NF-κB signaling may participate in the regulation of Twist.
We have identified Twist and PP2A/C as downstream targets of E1A, suggesting that E1A may act through different mechanisms to inhibit the expression of putative oncogenic miRNAs (miR-520h) and oncogenes. Moreover, we also provided a new insight into the regulation of miRNA expression by E1A and identified a signal cascade involving PP2A/C, IKK, NF-κB, and Twist that is regulated by E1A-mediated miR520h downregulation. Based on our results shown here, it is likely that this signaling cascade plays a role in the E1A-associated tumor/metastasis suppression activities.
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